a CsGaS 2 -mC64 was obtained by reaction of CsN 3 with stoichiometric amounts of Ga 2 S 3 and S at elevated temperatures. The crystal structure of the air-and moisture stable compound was determined from single-crystal X-ray diffraction data. The colourless solid crystallizes in the monoclinic space group C2/c (no. 15) with the lattice parameters a = 10.5718 (6) irreversible phase-transition to CsGaS 2 -mC16 occurs. The phase-transition kinetics were studied using in situ high-temperature X-ray powder diffraction techniques. This transition can only be reversed by using high pressures (>5 GPa at 500°C). The compound was further characterized using Raman-and diffuse reflectance spectroscopy. Chemical bonding was analysed by DFT calculations.
Introduction
Chalcogenometallates of Group 13 metals containing alkali metal cations M x T y Q z (M = alkali metal, T = triel, Q = chalcogen) crystallize in a large variety of different structure types. 1 Due to their semiconducting properties, these solids are interesting materials for technical applications, e.g. in gas sensors. 2 The polymeric anions in these compounds are formed by TQ 4 tetrahedra. Condensation of these building blocks leads to the formation of more complex oligomeric or polymeric anionic structures. The crystal structures of the resulting compounds contain these anionic chains, layers or networks embedded in a cationic surrounding of the alkali metal cations. 1 Recently, we reported on the polymorphism of CsGaSe 2 . 3 During the high-temperature phase-transition of this compound, a complete structural reconstruction of the anionic substructure from two-dimensional layers to one-dimensional chains takes place. Herein, we report on the discovery of CsGaS 2 -mC64, a new low-temperature polymorph of CsGaS 2 . Prior studies of this compound by Bronger et al. 4 revealed CsGaS 2 -mC16 as the only polymorph of CsGaS 2 . At high temperatures CsGaS 2 -mC64 undergoes an irreversible phase-transition to CsGaS 2 -mC16. The low-temperature polymorph, however, can be restored by a high-pressure treatment. This behaviour is in contrast to the reversible phase-transition of CsGaSe 2 . 3 The kinetics of the high-temperature phase-transition of CsGaS 2 -mC64 were studied by in situ high-temperature X-ray diffraction using the JMAK theory. 5 We decided to redetermine the crystal structure of CsGaS 2 -mC16 to obtain state-of-the-art data for both modifications. Furthermore, both polymorphs were characterized by Raman-and UV/Vis-diffuse reflectance spectroscopy and quantum chemical calculations.
in Jana2006, 7 and refined to R 1 = 0.0397 and wR 2 = 0.0578 (all data) for CsGaS 2 -mC64, and R 1 = 0.0122 and wR 2 = 0.0401 (all data) for CsGaS 2 -mC16 by full-matrix least squares methods using Jana2006. 7 Details on the final crystallographic data are listed in Table 1 . The atomic coordinates and isotropic displacement parameters are listed in Tables 2 and 3 . Anisotropic displacement parameters, interatomic distances, and angles can be found in the ESI (Tables S1-S4 ‡) . The low-temperature polymorph CsGaS 2 -mC64 crystallizes in the TlGaSe 2 structure type 8 like many related compounds MTQ 2 (M = Na, K, Rb, Cs, Tl; T = Al, Ga, In; Q = S, Se, Te). The crystal structure of the layered compound features anionic layers 2 1 [Ga 4 S 8 4− ], composed of corner-sharing Ga 4 S 10 supertetrahedra. These layers are separated by Cs atoms (Fig. 1) . The two independent trivalent gallium sites are tetrahedrally coordinated by the S atoms. The interatomic distances in these tetrahedra range from d(Ga-S) = 2.260(1) Å to d(Ga-S) = 2.308(1) Å. The angles ∠(S-Ga-S) range from 107.17 (4) a U eq is defined as one third of the trace of the orthogonalized U ij tensor. 4 In order to obtain state-of-the-art data, we decided to redetermine the crystal structure. The compound features anionic SiS 2 analogous chains
embedded in a cationic Cs substructure (Fig. 1 ). Gallium has a tetrahedral coordination, formed by four sulphur atoms, with interatomic distances of d(Ga-S) = 2.2823 (4) 
Thermal analysis
The temperature range of the phase-transition from CsGaS 2 -mC64 to the high-temperature phase CsGaS 2 -mC16 was determined by differential thermal analysis (DTA) (Fig. 2) . The measurement (heating-/cooling rate 10°C min −1 , 2 cycles) revealed an irreversible transition starting at about 610°C.
After the measurement, the sample was identified as CsGaS 2 -mC16 by X-ray powder diffraction. The high-temperature phase CsGaS 2 -mC16 exhibits a melting point of about 1100°C as shown in Fig. S1 of the ESI. ‡
Pressure-induced phase-transition
Due to the significant difference (∼10%) of the calculated densities of both polymorphs with ρ(CsGaS 2 -mC64) ≫ ρ(CsGaS 2 -mC16), the possibility of a pressure-induced phase-transition of CsGaS 2 -mC16 was investigated. High-pressure experiments were performed in a belt apparatus as described by Range et al. 12 in the pressure region from 1-6 GPa. For the high pressure synthesis, a small pellet of the sample was placed in a graphite crucible. This crucible was placed in a pressure chamber made of pyrophyllite, surrounded by steel cuffs. High pressure was then applied by axial steel stamps. Heating of the samples is achieved by application of appropriate electric current to the graphite crucible. Pressure and temperature were determined by external calibration.
The experiments revealed a pressure-induced phase-transition to the low-temperature phase CsGaS 2 -mC64 at pressures >5 GPa and a temperature of at least 500°C (Fig. 3) . The isotypic compound CsGaSe 2 3 shows a similar difference of the calculated densities of both polymorphs (∼8%). However, the temperature-induced phase-transition to CsGaSe 2 -mC16 can be reverted by annealing below the transition temperature (∼520°C). High-pressure treatments of CsGaSe 2 -mC16 at 6 GPa and temperatures up to 500°C did not induce a phase-transition. At 6 GPa and temperatures above 500°C, a phase-transition to CsGaSe 2 -mC64 occurs. However, this change is most likely caused by the elevated temperature, rather than the high-pressure. No hints for a phase transition are known for the heavier homologous compound CsGaTe 2 , 9f which crystal- lizes isotypic to CsGaQ 2 -mC64 (Q = S, Se). We cannot explain the different behaviour of CsGaQ 2 (Q = S, Se, Te) at elevated temperatures in detail. However, we suppose that the highpressure phase transition of CsGaS 2 -mC16 results from the differences of the crystallographic densities. The densities of the selenide polymorphs differ by 8.2%, whereas the sulphide polymorphs show a difference of 9.6%. Therefore, high pressure supports the formation of the high-density polymorph CsGaS 2 -mC64. In case of CsGaSe 2 -mC64 and CsGaSe 2 -mC16 pressure has a smaller influence and therefore the polymorphs can transform into each another without additional pressure.
Study of the high-temperature phase-transition kinetics
As the different polymorphs of CsGaS 2 and CsGaSe 2 are isotypic we decided to analyse the phase-transition kinetics similar to CsGaSe 2 . 3 Due to the irreversibility of the thermally induced phase-transition, only the transformation from CsGaS 2 -mC64 to CsGaS 2 -mC16 was studied.
Experimental setup. The measurements were carried out in the same manner as described for CsGaSe 2 3 on a STOE Stadi P diffractometer (monochromatic Mo-Kα 1 radiation, λ = 0.70926 Å) equipped with a Dectris Mythen 1K detector and a high-temperature capillary furnace. The powdered samples were sieved using analytical sieves prior to the experiments. The smallest fraction (0.02-0.04 mm) was used for all measurements. The samples were loaded in quartz capillaries (diameter 0.3 mm). The 2θ-range of 4.55-23.420°(exposure time 60 s per pattern) was detected for all experiments. The powder patterns were analysed using the STOE WinX POW software package. 13 After fitting of the reflection profiles using a pseudo-Voigt peak shape, the phase fractions α were determined from the integrated intensities of the strongest reflections of both polymorphs (CsGaS 2 -mC64: 223, 14.5°, CsGas 2 -mC16: 130, 11.6°).
Non-isothermal analysis. To determine a suitable temperature region for the analysis of the phase-transition kinetics, the temperature region near the thermal effect in the DTA was studied by high-temperature X-ray powder diffraction. The samples were first heated to 550°C (heating rate 50°C min −1 ).
Then diffraction patterns were collected until the samples reached 650°C (step: 1°C min −1 , holding time: 3 min, heating rate 1°C min −1 ). A plot of the phase fractions α of both polymorphs (Fig. 4) showed a sigmoidal shape for the phase-transition beginning at 578°C. The slightly lower temperature region compared to the thermal analysis can be explained by the differing heating rates. Isothermal kinetic analysis. The analysis of the phase-transition kinetics was performed as previously described for CsGaSe 2 . The obtained data for the progression of the phase fraction of the crystallizing compound as a function of time (Fig. 5a ) was fitted to a theoretical expression. The modified Josephson-Mehl-Avrami-Kolmogorov (JMAK) eqn (1) 5 with the Avrami exponent n and the kinetic rate constant K was used for all experiments as this equation is widely accepted for the study of crystallization kinetics. 14 The kinetic parameters Fig. 4 Change of the phase fractions of CsGaS 2 during the phase-transition investigated by in situ X-ray powder diffraction in the region of the phase-transition. n and K were determined by plotting ln[ln(1 − α) −1 ] against ln (t ) as seen in Fig. 5b , the Sharp-Hancock plot (2). 15 αðtÞ ¼ 1 À exp½ÀðKtÞ n ð 1Þ ln½lnð1 À αÞ À1 ¼ n Á lnðtÞ þ n Á lnðKÞ ð 2Þ
Prior to the determination of the kinetic parameters, the individual incubation times t 0 were subtracted. The incubation time was defined as the time until a reflection of the growing phase was observed for the first time. The Avrami exponent n is obtained as the slope of this linear plot whereas K is determined by the intercept of the y-axis. A change in the crystallization mechanism is indicated by a changing slope in the Sharp-Hancock plot. The crystallization mechanisms were determined by comparing a plot of t/t 0.5 against α with theoretical curves (Fig. 6) . 16 The phase-transition to the high temperature phase CsGaS 2 -mC16 was studied in the temperature region from 580-595°C with an irradiation time of 60 s ( per pattern) for all temperatures. The obtained kinetic parameters and characteristic times are listed in Table 4 . A trend of a decreasing time t − t 0 for a complete phase-transition can be observed (Fig. 5) with increasing temperatures. This behaviour is in accordance with an increased crystal growth rate. The incubation time t 0 decreases also significantly from 34(1) to 1(1) min.
For all experiments in the temperature range from 595 to 585°C, a dominating one dimensional growth mechanism (A2) with Avrami exponents in the range of 2.17(8) to 2.02 (5) can be observed. This observation is in good agreement with the rod-shaped crystallites of CsGaS 2 -mC16. The initial stages of crystallization, however, are dominated by a phase-boundary controlled mechanism (R2/R3) with significantly smaller n. The extent of this region is subsequently decreasing from α < 65% at 595°C to α < 25% at 585°C. This change from a phaseboundary controlled mechanism towards a growth mechanism according to the JMAK theory was also observed for the phasetransition from CsGaSe 2 -mC64 to CsGaSe 2 -mC16. The slightly higher Avrami exponents n can probably be attributed to the longer transition times for CsGaS 2 and the corresponding higher resolution of the obtained data. A further change in the crystallization mechanism can be observed at 580°C. Thus, a two-dimensional growth mechanism (A3) with decreasing nucleation rate can be concluded with an Avrami exponent n of 2.79(3) at this temperature. We did not observe a similar change for CsGaSe 2 . 3 The decreasing influence of the phaseboundary controlled growth could possibly result from the higher activation energy E A (R2/R3) for this process (see next paragraph, Fig. 7) . At lower temperatures, the thermal energy Fig . 7 Arrhenius plot used to determine the activation energy of the phase-transition. The dashed line indicates a fit of the data obtained for a phase-boundary controlled process (hollow circles), whereas the solid line indicates a fit based on the data for the JMAK kinetics (black circles).
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This journal is © the Partner Organisations 2017 does not suffice to induce a phase-boundary controlled growth, and only the slower growth mechanism according to the JMAK theory with a smaller activation energy progresses. Even though the experiments revealed the growth of rodshaped crystallites of CsGaS 2 -mC16, no significant macroscopic change of the plate-shaped starting material CsGaS 2 -mC64 is observed. At the initial stage of crystallization, the surface of the plates is covered by a thin layer of the hightemperature polymorph (R2/R3). In the course of the phasetransition, the bulk phase is slowly transformed by growing nuclei. Due to the relatively low temperatures and short transformation times, no macroscopic rod-shaped crystals can grow, and the basic shape of the starting material remains unchanged. The activation energy for the phase-transition was determined by the Arrhenius equation. 17 The plot of T −1 against the logarithm of the rate constant ln(K), see Fig. 7 , revealed an activation energy for the phase-boundary controlled process of E A = 1.3(3) kJ mol −1 and E A = 0.4(1) kJ mol −1 for nucleation and growth according to the JMAK theory. These values are in good agreement with the value of E A = 1.0(6) kJ mol −1 , obtained for the transition from CsGaSe 2 -mC64 to CsGaSe 2 -mC16.
3
Vibrational spectroscopy
The Raman spectra of CsGaS 2 -mC64 and -mC16 are shown in Fig. 8 . Vibrations in the range 400-290 cm −1 can be attributed to Ga-S stretching modes. 9 The Ga-S deformation modes are observed in the region from 290-100 cm −1 , whereas all lower vibrations are tentatively assigned to lattice vibrations.
9

Electronic properties
The optical band gaps of both CsGaS 2 polymorphs were determined by using UV/Vis diffuse reflectance spectroscopy. A modified Kubelka-Munk function 18, 19 was used to calculate the absorption data. The extrapolation of the linear parts onto the baseline revealed wide band gaps of 2.89 eV and 3.27 eV for CsGaS 2 -mC64 and CsGaS 2 -mC16, respectively (Fig. 9) . The electronic band structure of CsGaS 2 was further analysed by relativistic DFT calculations using the generalized gradient approximation (GGA) according to Perdew-BurkeEnzerhof (PBE). 20 The all electron full-potential local-orbital code FPLO 14 was applied for total energy and band structure calculations using the experimentally obtained structures. The calculated direct band gaps of 2.72 eV and 3.34 eV are in good agreement with experimental data and the white powdered samples. The bonding behaviour of Cs, Ga, and S in the title compound is revealed from the orbital projected density of states (PDOS, Fig. 10 ). The DOS panels refer to the atomic sites in mC64 (a) and mC16 (b) structures. Despite the fact that there is only one Cs, one Ga and one S site in the modification mC16, but 2 Cs, 2 Ga, and 5 S sites in the modification mC64, similar DOS features are found for equivalent atom types. Due to the similar chemical environment of equivalent atom types, chemical bonding can be discussed in general for the different elements in both structures. Accordingly, Ga-S interactions within the tetrahedra in both polymorphs cause a splitting into Ga-4s and -4p valence-and conduction band contributions. Valence band DOS maxima of Ga-4s are found in the energy range from −4 to −6 eV, and those of Ga-4p between 0 and −4 eV. In the antibonding region (conduction band) again 4s DOS maxima are found at lower energy than the 4p states. As a consequence, the conduction band minimum has to be attributed mainly to Ga-4s states. The DOS maxima for S-3s orbitals are situated around −15 eV (not shown in Fig. 10 ). Strong contributions of S-3p orbitals below the Fermi energy (0 to −2 eV) form the valence band maximum. They are estimated as non-bonding states. Smaller S-3p DOS peaks below −2 eV and above +3 eV are attributed to covalent gallium sulphur interactions. This observation is in line with the mainly Fig. 8 Raman spectra of the CsGaS 2 polymorphs (black line: mC64, blue line: mC16). covalent bonding between gallium and the chalcogen atoms as observed for Cs 2 Ga 2 S 5 . 9a The larger band gap of CsGaS 2 -mC16 as compared to Cs 2 Ga 2 S 5 and CsGaS 3 9b further confirms the assumption of a significant influence of S 2 2− dumbbells on the band gaps of these compounds. 9a The bonding character of Cs is mainly ionic, as concluded from unoccupied Cs-6s states.
Experimental
Synthesis of the starting materials
Gallium sulphide Ga 2 S 3 was prepared by annealing of a stoichiometric mixture of Ga (Chempur 99.99%) and S (Chempur 99.999%) at 1000°C for several days. CsN 3 was obtained by passing hydrazoic acid ( prepared by acidifying an aqueous solution of NaN 3 ) (Sigma-Aldrich 99.0%) into an aqueous solution of Cs 2 CO 3 (Rockwood Lithium 99.9%). Attention: Condensed HN 3 is highly explosive. Tools made from transition metals must be avoided.
Synthesis of CsGaS 2
The title compound was obtained by slow thermal decomposition of CsN 3 combined with a stoichiometric mixture of Ga 2 S 3 and sulphur in a silica ampoule under dynamic vacuum conditions. The ampoule was flame sealed after complete decomposition of the azide, and the raw product was annealed at elevated temperatures to yield CsGaS 2 . Phase pure samples of white CsGaS 2 -mC64 were obtained after annealing at 500°C. Phase pure white CsGaS 2 -mC16 was obtained by annealing at 700°C. Quenching of the samples was not necessary. It should be noted that some samples of CsGaS 2 -mC16 had pink colour, like also reported in literature. 4 This colour remained even after treatment of the air-and moisture stable samples with water or DMF.
Single-crystal X-ray diffraction
Diffraction data of suitable single-crystals were collected on a Rigaku Supernova at ambient temperature using monochromatic Mo-Kα radiation (λ = 0.71073 Å). The obtained diffraction data were corrected for Lorentz-and polarization effects. Absorption was corrected by an analytical absorption correction using the CrysAlisPro software package. 11 The resulting data sets had a completeness of 99.9% within 50°2θ for both modifications. The crystal structures were solved by charge flipping methods using SUPERFLIP 6 (implemented in Jana2006 7 ) and refined on F 2 with Jana2006 7 using full-matrix least squares methods. The experimental parameters and details of the structure solution and refinement are summarized in Table 1 .
X-ray powder diffraction
The X-ray powder diffraction experiments were performed on a STOE STADI P diffractometer equipped with a Dectris Mythen 1K detector and a high-temperature capillary furnace. Monochromatic Mo-Kα 1 radiation (λ = 0.70926 Å) was used for all experiments. The samples were flame sealed in a 0.3 mm quartz glass capillary and then placed in another 0.5 mm quartz glass capillary due to the furnace architecture. To ensure reproducible results all fine powdered samples were sieved under inert atmosphere using analytical sieves (Retsch GmbH) prior to the experiments (fraction 0.02-0.04 mm grain size). The WinX POW software package from STOE & Cie 13 was used for data collection and processing. The furnace temperature was controlled by a Eurotherm 24.16 controller (ΔT = ±1°C).
Differential thermal analysis
Differential thermal analysis of the compound was performed on a SETARAM TG-DTA 92 16.18 in an evacuated quartz glass ampoule using Al 2 O 3 as reference material. The measurements were performed in the range of 25-1000°C with a heating-and cooling rate of 10°C min −1 .
Vibrational spectroscopy
Raman spectra were recorded on a DXR™ SmartRaman Spectrometer from Thermoscientific (excitation wavelength λ = 532 nm) in the range of 50-1000 cm −1 with a resolution of 0.5 cm −1 .
UV/Vis spectroscopy
Diffuse reflectance measurements were performed with a Bruins Omega 20 UV/Vis spectrometer using BaSO 4 as a refer- ence (100% reflectance). Absorption spectra were calculated thereof by using a modified Kubelka-Munk function. 18, 19 
DFT calculations
The first-principles calculations were carried out within the framework of density functional theory (DFT) with exchangecorrelation functionals in the generalized gradient approximation (GGA) according to Perdew-Burke-Enzerhof (PBE). 20 The full potential local orbital code FPLO14 21 was applied for total energy and band structure calculations based on the experimentally obtained structures. FPLO14 applies all electron local basis sets that are described by core and valence functions as implemented in the code. It treats Cs (Z = 55) 1s 
Conclusions
A new low-temperature polymorph of CsGaS 2 was characterized by single-crystal X-ray diffraction. The compound CsGaS 2 -mC64 shows an irreversible phase-transition to CsGaS 2 -mC16 at temperatures above 580°C. Both modifications contain covalently bonded polymeric anions [GaS 2 − ] consisting of condensed GaS 4 tetrahedra. Kinetics of the reconstructive phasetransition were studied by in situ high-temperature X-ray diffraction experiments on powder samples. By means of these studies a dominating one-dimensional growth mechanism for the high-temperature modification is found. This is in good agreement with the results obtained for the parent compound CsGaSe 2 . 3 Interestingly, the irreversible temperature-induced phase-transition to the high-temperature polymorph can be reverted by a high-pressure treatment (>5 GPa at 500°C). The band gaps of both modifications are around 3 eV, which is in good accord with the colourless samples.
